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General Considerations.  
All reactions were performed at room temperature in a N2-filled glovebox or by using standard 
Schlenk techniques unless otherwise specified. Glassware was oven dried at 140oC for at least 2h 
prior to use, and allowed to cool under vacuum. All reagents were used as received unless 
otherwise stated. Iodosobenzene,1 PhNHPz(H),2 LMn3(OAc)3,3 were synthesized according to 
published procedures. Caution! Iodosobenzene is potentially explosive and should be used only 
in small quantities. 3-aminopyrazole, bromobenzene, 1-Bromo-4-tert-butylbenzene, t-BuXPhos 
Pd(II) phenethylamine chloride, t-BuXPhos, tetraethlyammonium perchlorate, catalase, 
Na(N(SiMe3)2), 2,2’-bipyridine and 2,2’:6’,2”-terpyridine were purchased from Sigma Aldrich 
and Strem Chemicals. Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit were purchased 
from ThermoFisher. Anhydrous tetrahydrofuran (THF) was purchased from Aldrich in 18 L 
Pure-PacTM containers. Anhydrous CH2Cl2, diethyl ether, benzene and THF were purified by 
sparging with nitrogen for 15 minutes and then passing under nitrogen pressure through a 
column of activated A2 alumina. H2O was purified using a Millipore MilliQ purifier. NMR 
solvents were purchased from Cambridge Isotope Laboratories, dried over calcium hydride, 
degassed by three freeze-pump-thaw cycles and vacuum-transferred prior to use. 1H and 13C 
NMR spectra were recorded on a Varian 300 MHz instrument or 100.62 MHz on a Bruker 
AscendTM 400 MHz spectrometer,	with shifts reported relative to the residual solvent peak. O2 
detection was recorded on an Agilent 7890a gas chromatograph. Elemental analyses were 
performed at the California Institute of Technology.  Dynamic light scattering experiments were 
performed with a ZetaPALS potential analyzer. 
Physical Methods. 
X-ray crystallography. Suitable crystals were mounted on a nylon loop using Paratone oil, then 
placed on a diffractometer under a nitrogen stream. X-ray intensity data were collected on a 
Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS detector employing Mo-Kα radiation 
(λ = 0.71073 Å) at a temperature of 100 K. All diffractometer manipulations, including data 
collection, integration and scaling were carried out using the Bruker APEX3 software. Frames 
were integrated using SAINT. The intensity data were corrected for Lorentz and polarization 
effects and for absorption using SADABS. Space groups were determined on the basis of 
systematic absences and intensity statistics using XPREP. Using Olex2,4 the structures were 
solved using ShelXT and refined to convergence by full-matrix least squares minimization using 
ShelXL. All non-solvent non-hydrogen atoms were refined using anisotropic displacement 
parameters. Hydrogen atoms were placed in idealized positions and refined using a riding model. 
Graphical representation of structures with 50% probability thermal ellipsoids was generated 
using Diamond visualization software. 
Cyclic Voltammetry.  Cyclic Voltammetry (CV) measurements were performed at 25 oC with a 
Pine Instrument Company AFCBP1 bipotentiostat using a one-compartment cell with a glassy 
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carbon disk working electrode (diameter 3 mm), Pt auxiliary electrode, and a Ag/Ag+ reference 
electrode. Data were recorded using the Pine Instrument Company AfterMath software package. 
All reported values were referenced to an internal ferrocene/ferrocenium couple. The electrolyte 
solutions were 0.1 M tetrabutylammonium perchlorate in acetonitrile or a mixture of H2O and 
acetonitrile.  
Controlled-Potential Coulometry. A custom-built airtight two-compartment electrochemical 
cell was used. The electrolyte solutions were 0.1 M tetrabutylammonium perchlorate in a 
mixture of ACN/H2O (19:1). The chamber holding the working electrode and reference electrode 
also contains 3 (0.2 mM, 20 mL). Anion-exchange membrane was used to separate the chambers. 
A glassy carbon plate was used as the working electrode. A platinum mesh was used as the 
auxiliary electrode. The reference electrode was a Ag/AgCl (1.0 M KCl) electrode. All solutions 
and assembly of the cell were prepared in a glove box.  For the 1.5 h experiments, the amount of 
H2O2 produced was quantified using a chemiluminescence method using 10-acetyl-3,7-
dihydroxyphenoxazine in combination with horseradish peroxidase (HRP).5-6 Figure S1 shows 
the calibration curve for H2O2 detection and a diluted sample from the electrolysis. After each 
electrolysis experiment, 5.0 µL of electrolyte solution from the working electrode compartment 
was transferred and diluted into 1.0 mL solution containing 10-acetyl-3,7-dihydroxyphenoxazine 
(50 µM), HRP (0.1 U/mL), 50 mM phosphate buffer (pH = 7). The solution was kept in dark for 
30 min prior to UV-vis measurement. The Faradaic yield of H2O2 is 15.1 ± 1.8 % based on three 
separated runs (17.1%, 15.3% and 13.0%). In a separated test, the electrolyte solution after 
electrolysis was vacuum-transferred and titrated with KMnO4 at pH 1. Although this method 
cannot be used to quantify the amount of H2O2 due to the loss of some H2O2 during vacuum 
transfer, the disappearance of the color of KMnO4 confirms the generation of H2O2. Furthermore, 
2 mg of catalase in 2 mL phosphate buffer (50 mM, pH = 7) was transferred to the reaction 
chamber containing the working electrode after electrolysis and stirred for another hour. 7.0 mL 
of headspace was syringed out and injected into an Agilent 7890a gas chromatograph (GC) for 
O2 detection (Figure S2). Control experiment without catalase and 3 shows much less signal for 
O2 (Figure S2). This background signal was subtracted from the experiments containing catalase 
and 3 for calculating the Faradaic yields. Calibration curve was generated using gas cylinders 
from Airgas with known concentrations of O2. A 100 mL round bottom flask was purged with 
the calibration gas for at least 1 hour and 7.0 mL of gas was injected into GC for measurement. 
The average Faradaic yield of O2 is 11.7% (12.5% and 10.8% for two separated runs). CO2 or 
CO were not observed in the headspace by GC. Analysis of the liquid fraction by 1H and 13C 
NMR did not allow for the identification of glycolonitrile, previously reported to form from 
acetonitrile upon reaction with iron-oxo species.7-8 
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Figure S1. Calibration curves (right) and UV-vis spectra (left) for H2O2 detection; samples from 
the electrolysis experiments were diluted 200 times prior to UV-vis measurement. 
 
Figure S2. Head space GC traces of electrolysis samples with and without catalase (left); 
calibration curve for O2 quantification (right).   
Synthesis of [LMn3(PhNHPz)3OMn(Cl)][OTf]. In the glovebox, to a suspension of 
LMn3(OAc)3 (0.5g, 0.42 mmol) and Ca(OTf)2 (0.226g, 0.67 mmol) in THF (5 mL), was added a 
solution of PhNHPz(Na) (0.274 g, 1.50 mmol) in THF (5 mL). The suspension turned to a 
homogenous orange color solution after stirring for 20 hours. Iodosobenzene (97.5 mg, 0.44 
mmol) was added with the aid of THF (2 mL), which darkened to dark-brown within minutes. 
After stirring for 4 hours, MnCl2 (108 mg, 0.85 mmol) was added as a solid to the stirring 
mixture. After 48 hours, the mixture was filtered through Celite and concentrated in vacuo. The 
brown solid was washed with diethyl ether (3 x 5 mL) and benzene (3 x 5 mL), then extracted 
with CH2Cl2. The CH2Cl2 solution was concentrated in vacuo and the mixture was dissolved in 
THF (5 mL) in a scintillation vial equipped with a stir bar.  Iodosobenzene (107 mg, 0.48 mmol) 
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was added with THF (2 mL). After stirring for 1 hour, the mixture was concentrated in vacuo to 
afford a brown solid that was recrystallized from CH2Cl2/benzene layering. Yield. 0.42 g (57%). 
1H NMR (300 MHz, CD3CN, 25 oC): δ = -23.75, -21.49, -19.73, -16.11, -11.30, 4.47, 8.97, 9.32, 
13.89, 14.78, 15.83, 23.32, 27.70, 39.25, 45.07, 52.75, 56.32, 58.43, 62.64, 66.69 ppm. All 
resonances are broad. Anal. Calcd. for C85H63ClF3Mn4N15O7S·2 CH2Cl2: C, 54.41; H, 3.52; N, 
10.94. Found: C, 54.18; H, 3.72; N, 11.06. ESI-MS m/z: [M]+ 1600.7 (100%), [M – Cl + OH]+ 
1581.7 (60%), [M – Cl + OMe]+ 1595.7 (80%). 
Synthesis of [LMn3(4-tBuC6H4NHPz)3OMn(OH)][OTf]. In the glovebox, to a suspension of 
LMn3(OAc)3 (0.5g, 0.42 mmol) and Ca(OTf)2 (0.226g, 0.67 mmol) in THF (5 mL), was added a 
solution of 4-tBuC6H4NHPz(Na) (0.259 g, 1.38 mmol) in THF (5 mL). The suspension turned to 
a homogenous orange color solution after stirring for 20 hours. Iodosobenzene (91.8 mg, 0.42 
mmol) was added with the aid of THF (2 mL), which darkened to dark-brown within minutes. 
After stirring for 4 hours, Mn(OTf)2 (182 mg, 0.52 mmol) was added as a solid to the stirring 
mixture. After 20 hours, the mixture was concentrated in vacuo. The brown solid was washed 
with diethyl ether (3 x 5 mL) and benzene (3 x 5 mL), then extracted with CH2Cl2. 
Recrystallization of this material from vapor diffusion of Et2O into a CH2Cl2 solution gave 
crystals amenable to X-ray diffraction studies. Yield. 0.36 g (45%). 1H NMR (300 MHz, CD2Cl2, 
25 oC): δ = -14.78, -11.42, 2.43, 4.72, 7.17, 7.37, 7.72, 8.77, 13.14, 35.13, 41.55, 51.18, 52.58 
ppm. All resonances are broad. Anal. Calcd. for C97H88F3Mn4N15O8S: C, 60.27; H, 4.62; N, 
10.81. Found: C, 60.19; H, 4.81; N, 10.41. ESI-MS m/z: [M]+ 1751.3 (100%), [M – OH + H]+ 
1735.1 (10%), [M – OH + OMe]+ 1765.3 (20%). 
Synthesis of 4-tBuC6H4NHPz(H). Under N2, a Schlenk-tube was charged with 3-
Methylpyrazol-5-amine (3.12g 37.5 mmol), t-BuXPhos Pd(II) phenethylamine chloride (258 mg, 
0.33 mmol), t-BuXPhos (160 mg, 0.375 mmol), and NaOt-Bu (7.58g, 78.8 mmol). t-BuOH (125 
mL) and 1-Bromo-4-tert-butylbenzene (10.0 g, 47 mmol) were added and the reaction was stired 
at r.t. for 16 h. The solvent was removed under vacuo then H2O (50 mL) ad sat. aq NH4Cl (50 
mL) was added. The aqueous layer was extracted with EtOAc (3 x 200 mL). The combined 
organics were dried over Na2SO4 and concentrated. The residue was purified by flask column 
chromatography (silica; DCM to EtOAc). The brown material was washed with hexane to give a 
white solid (6.2 g; 76%).  1H NMR (400 MHz, CD3CN, 25 oC): δ = 1.28 (s, 9 H, t-Bu), 5.90 (d, 1 
H, CHpyrazole), 6.86 (s, 1 H, NH), 7.17-7.28 (m, 4 H, CHAr), 7.45 (d, 1 H, CHpyrazole), 10.45 (s, 1 
H, NH). 13C NMR (100 MHz, CD3CN, 25 oC): δ = 31.77, 34.54, 94.45, 115.94, 126.66, 
130.37,142.44, 142.58, 152.76. HRMS (TOF-MS): calcd. for C13H18N3: 216.1501 [MH]+; found: 
216.1493. 
Synthesis of 4-tBuC6H4NHPz(Na). In the glovebox, to a solution of 4-tBuC6H4NHPz(H) 
(1.84g, 8.54 mmol), in THF (10 mL) was added a solution of sodium bis(trimethylsilyl)amide 
(1.57 g, 8.54 mmol) in THF (5 mL). The homogenous solution was stirred for 1h where after 
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solvent was removed under reduced pressure to yield a brown oil. Addition of hexane (15 mL) 
resulted in the formation of a white precipitate which was collected on a medium porosity frit. 
The solid was washed with hexane (5 x 15 mL) and dried under reduced pressure. Yield. 1.95 g 
(96%).  Compound is not soluble in common NMR solvent. HRMS (TOF-MS): calcd. for 
C13H17N3Na: 238.1320 [M+H]+; found: 238.1317. 
Synthesis of PhNHPz(Na). In the glovebox, to a solution of PhNHPz(H) (1.5g, 9.42 mmol), in 
THF (10 mL) was added a solution of sodium bis(trimethylsilyl)amide (1.73 g, 9.42 mmol) in 
THF (5 mL). The homogenous solution was stirred for 1h where after solvent was removed 
under reduced pressure to yield a brown oil. Addition of hexane (15 mL) resulted in the 
formation of a white precipitate which was collected on a medium porosity frit. The solid was 
washed with hexane (5 x 15 mL) and dried under reduced pressure. Yield. 1.67 g (98%).  
Compound is not soluble in common NMR solvent. HRMS (TOF-MS): calcd. for C9H9N3Na: 
182.0697 [M+H]+; found: 182.0694. 
 
 
 
Figure S3. 1H NMR spectrum of 4-tBuC6H4NHPz(H) in CD3CN. 
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Figure S4. 13C NMR spectrum of 4-tBuC6H4NHPz(H) in CD3CN. 
 
 
 
 
 
Figure S5. 1H NMR spectrum of 2 in CD3CN. 
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Figure S6. 1H NMR spectrum of 3 in CD2Cl2. 
 
 
 
 
									  
 
Figure S7. Cyclic voltammogram of 2 in CH3CN at 100 mV/s.   
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Figure S8. Cyclic voltammogram of 3 in CH3CN at 100 mV/s. 
 
 
 
Figure S9. Controlled potential electrolysis in MeCN/H2O (19:1) mixed solutions with 0.1 M 
TBAClO4 (0.1 M) at a potentials of 0.57 V (vs. Fc/Fc+) with 0.2 mM of 3 (red), and electrolysis 
with the rinsed electrode after the experiment with catalyst (black) 
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Figure S10. 1H spectrum of a mixture from the electrolysis of 0.2 mM of 3 in the presence of 0.1 
M 9,10-dihydroanthracene at a potentials of 0.57 V (vs. Fc/Fc+). After 1.5 h electrolysis, a total 
of 4.5 C of charge was passed. 5.0 mL solution from the chamber containing working electrode 
was transferred to a round bottom and volatile materials were removed under vacuum. Products 
were extracted with 10 ml of hexane and volatile materials were removed under vacuum. 1H 
NMR of the mixture was taken in CDCl3. Maleic acid (7.67 µmol, 6.49 ppm) in 0.1 mL CD3CN 
was added to the NMR sample as the internal standard. The Faradaic yields of anthracene (a two 
electron reduced product at 8.55 and 8.15 ppm) and anthraquinone (an eight electron reduced 
product at 8.42 and 7.84 ppm) were 29% and 22% respectively.  
 
 
Figure S11. Cyclic voltammograms of 0.1 M 9,10-dihydroanthracene (black); 0.5 mM of 3 (red), 
in a mixture of ACN/H2O (19:1)  at a scan rate of 100 mV/s. 
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Figure S12. Cyclic voltammograms of 0.5 mM of [LMn3(tBuPhNHPz)3OMn(OH)][OTf] (3) in 
MeCN/H2O (19:1) mixed solutions with 0.1 M TBAClO4 (0.1 M) at a scan rate of 100 mV/s. 
The potential sweep was repeatedly carried out 200 times without pause. Electrode was rinsed 
afterward and CV was taken in a fresh electrolytes solution (gray dash) 
 
 
 
Figure S13. 1H NMR spectrum of 3 in CD3CN (red), and in CD3CN/D2O (19:1) for 1.5 h (blue). 
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Figure S14. Cyclic voltammograms of 0.5 mM 3 without the presence of 2,2’-bipyridine (black) 
and in the presence of 2,2’-bipyridine with increasing concentration (other colors) in a mixture of 
ACN/H2O (19:1)  at a scan rate of 100 mV/s. 
 
Figure S15. Cyclic voltammograms of 0.5 mM 2,2’-bipyridine (black) and in the presence of 0.5 
mM Mn(OTf)2 (blue); 0.5 mM of 3 (red), in a mixture of ACN/H2O (19:1)  at 100 mV/s. 
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Figure S16. Cyclic voltammograms of 0.5 mM 3 without the presence of 2,2’:6’,2”-terpyridine 
(red) and in the presence of 2 mM 2,2’:6’,2”-terpyridine (black); 2.0 mM 2,2’-bipyridine (gray 
dash),  in a mixture of ACN/H2O (19:1)  at a scan rate of 100 mV/s. 
 
 
Figure S17. Cyclic voltammograms of 0.5 mM 3 without the presence of H2O2 (black) and in the 
presence of H2O2 with increasing concentration (other colors) in a mixture of ACN/H2O (19:1) at 
a scan rate of 100 mV/s. 
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Figure S18. Cyclic voltammograms of 0.5 mM 3 (red); 0.5 mM of Mn(OTf)2 without the 
presence of 4-tBuC6H4NHPz(Na) (pink) and in the presence of 0.5 mM 4-tBuC6H4NHPz(Na) 
(blue), 1.0 mM 4-tBuC6H4NHPz(Na)  (green), 1.5 mM 4-tBuC6H4NHPz(Na) (black), in 
ACN/H2O (19:1)  at 100 mV/s.  
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Figure S19. Cyclic voltammograms of 0.5 mM 3 (red); a reaction mixture at the concentration of 
0.5 mM (based on 1) prior to the addition of the Mn(OTf)2 in the synthesis of 3 (green), a 
mixture of 0.5 mM 1/1.8 mM 4-tBuC6H4NHPz(Na)/0.5 mM PhIO (blue), in a mixture of 
ACN/H2O (19:1)  at a scan rate of 100 mV/s. 
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Figure S20. Dynamic light scattering (DLS) characterization of a reaction mixture of 3 (0.8 mM 
of [Mn]) after controlled potential electrolysis in MeCN/H2O (19:1) with 0.1 M TBAClO4 (0.1 
M) at a potentials of 0.57 V (vs. Fc/Fc+) shows no detectable nanoparticle up to 5000 nm (top); a 
solution of Ag nanoparticles in hexane (0.8 mM of [Ag]) prepared following the literature shows 
distinct signals in DLS measurement (bottom).9  
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Figure S21. Complete (top) and truncated (bottom) ORTEP diagram of 2 at 50% probability. 
Core of the complex highlights metal oxo (bold) and hydrogen bonding (dashed) interactions. 
Special refinement details: due to severe solvent disorder, a solvent mask was employed. 
Selected bond distances (Å):  Mn(1)−O(1) 2.067(5), Mn(2)−O(1) 2.020(2), Mn(1)−Cl(1) 
2.450(2). 
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Figure S22. Complete (top) and truncated (bottom) ORTEP diagram of 3 at 50% probability. 
Core of the complex highlights metal oxo (bold) and hydrogen bonding (dashed) interactions. 
Special refinement details: none. Selected bond distances (Å): Mn(1)−O(1) 1.863(3), 
Mn(2)−O(1) 1.896(3), Mn(3)−O(1) 2.155(3), Mn(4)−O(1) 2.313(3), Mn(1)−O(2) 1.874(3). 
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Table S1. Crystal data and structure refinement for 2 and 3. 
 
Compound 2 3 
CCDC 1540512 1540513 
Empirical formula C85H63ClF3Mn4N15O7S C209.68H210Cl7.36F6Mn8N30O19S2 
Formula weight 1750.77 4332.66 
Temperature/K 99.98 100.0 
Crystal system trigonal monoclinic 
Space group R-3 C2/c 
a/Å 16.2679(7) 31.267(3) 
b/Å 16.2679(7) 18.2800(18) 
c/Å 56.716(2) 36.754(3) 
α/° 90 90 
β/° 90 104.291(4) 
γ/° 120 90 
Volume/Å3 12998.7(12) 20357(3) 
Z 6 4 
ρcalcg/cm3 1.342 1.414 
µ/mm-1 0.692 0.673 
F(000) 5364.0 8965.0 
Crystal size/mm3 0.25 × 0.2 × 0.2 0.16 × 0.13 × 0.04 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
2Θ range for data collection/° 5.452 to 56.626 4.502 to 56.696 
Index ranges -21 ≤ h ≤ 21, -21 ≤ k ≤ 21, -75 ≤ l ≤ 75 
-41 ≤ h ≤ 41, -24 ≤ k ≤ 24, -48 ≤ l 
≤ 49 
Reflections collected 63192 244824 
Independent reflections 7216 [Rint = 0.0507, Rsigma = 0.0309] 
25309 [Rint = 0.1183, Rsigma = 
0.0796] 
Data/restraints/parameters 7216/64/360 25309/90/1328 
Goodness-of-fit on F2 1.040 1.016 
Final R indexes [I>=2σ (I)] R1 = 0.0781, wR2 = 0.2306 R1 = 0.0830, wR2 = 0.1944 
Final R indexes [all data] R1 = 0.1011, wR2 = 0.2509 R1 = 0.1403, wR2 = 0.2225 
Largest diff. peak/hole / e Å-3 1.11/-0.87 2.08/-1.33 
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